Abstract: This paper proposes a back electromotive force estimation error compensation method for accurate rotor position estimation of surface mounted permanent magnet synchronous motors. When estimating the rotor position of surface mounted permanent magnet synchronous motor sensorless drives, a direct current offset error component occurs in the voltage sensor. As a result, the rotor position is distorted and the sensorless control in surface mounted permanent magnet synchronous motor is degraded. In addition, the dq-axis voltages in the synchronous reference frame have the direct current offset error component, ripples compared with the motor frequency under the distorted rotor position. In this paper, the effects of the direct current offset errors are analyzed based on the synchronous reference frame phase locked loop. To remove this direct current offset error component, a d-axis voltage is converted into a synchronous reference frame again to compensate. In other words, it is a dual synchronous coordinate conversion compensation method. The compensator utilizes a proportional-integral controller that compensates by estimating the direct current offset error component. The proposed method is useful for the improvement of surface mounted permanent magnet synchronous motor sensorless control and operating performance. The effectiveness of the proposed algorithm is verified through PSIM simulation and experimental results.
Introduction
Permanent magnet synchronous motors (PMSMs) have advantages such as high torque density and efficiency, robust structure, low inertia efficiency compared with output torque and excellent control performance. Recently, the decreasing cost of permanent magnets has made them attractive as alternatives to the existing direct current motors and induction motors in many industrial applications, and they are used in various industries. Generally, a PMSM performs vector control based on current control, and rotor position information is essential to perform vector control, however, the encoders and resolvers used to acquire the position information of the rotor are not used because they increase system cost, volume, mechanical attachment and impair system reliability. Among the various applications, sensorless control is preferred for fan and pump products [1] [2] [3] , and for this reason, sensorless methods for driving PMSMs are an active research topic [3] [4] [5] [6] [7] [8] [9] [10] . The sensorless methods can be roughly divided into back electromotive force (back-EMF) estimation-based methods [3] [4] [5] [6] [7] [8] and methods based on inductance changes according to the rotor position [9, 10] . generally, the back-EMF based methods estimate the back-EMF using the stator voltages and motor currents without requiring any additional high frequency signal injection and the inductance-based methods estimate the inductance value through an external signal injection. However, sensorless control methods based on the inductance can be applied to the interior type PMSM (IPMSM) in which the inductance varies depending on the position, but they are not applicable to surface mounted type PMSMs (SPMSMs) in which the inductance value is constant depending on the position. However, the SPMSM is usable regardless of the polarity, has no noise and the advantage of not using additional external voltage injection. Therefore, this paper is focused on the back-EMF-based sensorless control method of SPMSM.
When using the sensorless control method based on the back-EMF estimation, the back-EMF information is measured by the voltage sensor of the system after passing the digital controller signal through a low pass filter (LPF) and analog to digital conversion (ADC). In this process, back-EMF measurement errors can occur due to the nonlinearity of the voltage sensor, the thermal variation of the analog electric device, and ADC quantization errors [11] [12] [13] [14] . At this time, the main component of any occurring nonlinear errors is the direct current (DC) offset error, and when this DC offset error component occurs, it causes a pulsation in the synchronous coordinate system d axis voltage. Therefore, a distortion occurs in following the position of the rotor, and the sensorless control and operation performance of the SPMSM are degraded.
Recently, some compensation methods for reducing the pulsation of the synchronous coordinate system dq-axis caused by the DC offset error component have been studied [15] [16] [17] . However, the compensator method proposed in [15] requires precise mechanical parameters. Any inaccurate determination may cause an instability problem. The algorithm in [16] requires complex procedures to minimize the periodic torque ripple resulting from current measurement errors. It needs a memory to store the controller output data and Fourier series expansion to analyze the harmonics that are present in the stored data. The approach of [17] utilizes an integral output of the d-axis current controller to compensate for undesirable periodic speed oscillations. The performance heavily depends on the accuracy of feedforward back-EMF voltage in the current controller and the controller bandwidth. In addition, it has the disadvantage that the convergence rate is quite slow [18] .
In this paper we propose a compensation algorithm to remove the DC offset error component generated by the voltage sensor during the rotor position estimation for precise rotor position estimation. The proposed compensation algorithm compensates by estimating the DC offset error component using a proportional-integral (PI) controller after analyzing the synchronous d-axis voltage, including the DC offset error component. To verify the proposed method, the compensation algorithm used to remove the DC offset error component was subjected to a theoretical analysis and the validity of the proposed method was verified by simulation using PSIM and experiments using a 20 W SPMSM. [4, 5] The functional elements of the back-EMF based sensorless methods include a back-EMF estimator, a position error estimator and speed estimator ( Figure 1 ). As shown in Figure 1 , the back-EMF estimator makes use of the stator command voltage (v * ), stator currents (i), and a mathematical model of the SPMSM to derive the back-EMF signals. In Figure 1 the position error estimator calculates the rotor position or position error using the estimated back-EMF information. In Figure 1 the speed estimator estimates the position and speed of the rotor to be used in the controller based on the position information calculated in position error estimator. control methods based on the inductance can be applied to the interior type PMSM (IPMSM) in which the inductance varies depending on the position, but they are not applicable to surface mounted type PMSMs (SPMSMs) in which the inductance value is constant depending on the position. However, the SPMSM is usable regardless of the polarity, has no noise and the advantage of not using additional external voltage injection. Therefore, this paper is focused on the back-EMF-based sensorless control method of SPMSM. When using the sensorless control method based on the back-EMF estimation, the back-EMF information is measured by the voltage sensor of the system after passing the digital controller signal through a low pass filter (LPF) and analog to digital conversion (ADC). In this process, back-EMF measurement errors can occur due to the nonlinearity of the voltage sensor, the thermal variation of the analog electric device, and ADC quantization errors [11] [12] [13] [14] . At this time, the main component of any occurring nonlinear errors is the direct current (DC) offset error, and when this DC offset error component occurs, it causes a pulsation in the synchronous coordinate system d axis voltage. Therefore, a distortion occurs in following the position of the rotor, and the sensorless control and operation performance of the SPMSM are degraded.
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In this paper we propose a compensation algorithm to remove the DC offset error component generated by the voltage sensor during the rotor position estimation for precise rotor position estimation. The proposed compensation algorithm compensates by estimating the DC offset error component using a proportional-integral (PI) controller after analyzing the synchronous d-axis voltage, including the DC offset error component. To verify the proposed method, the compensation algorithm used to remove the DC offset error component was subjected to a theoretical analysis and the validity of the proposed method was verified by simulation using PSIM and experiments using a 20 W SPMSM. [4, 5] The functional elements of the back-EMF based sensorless methods include a back-EMF estimator, a position error estimator and speed estimator ( Figure 1 ). As shown in Figure 1 , the back-EMF estimator makes use of the stator command voltage ( * ), stator currents ( i ), and a mathematical model of the SPMSM to derive the back-EMF signals. In Figure 1 the position error estimator calculates the rotor position or position error using the estimated back-EMF information. In Figure 1 the speed estimator estimates the position and speed of the rotor to be used in the controller based on the position information calculated in position error estimator. The rotor speed and position are observed from the estimated back-EMF signals by means of another estimator such as a phase-locked-loop (PLL) type estimator or a Luenberger type state filter. Because the rotor speed and position are observed from the estimated back-EMF signals, the accuracy of the back-EMF estimator has a direct influence on the performance of the sensorless drive, therefore, accurate back-EMF estimation is very important for sensorless control of SPMSMs. Figure 2 shows a space vector diagram for a SPMSM [4] . The α − β and d − q frames represent the stationary and the rotor reference frames, respectively. The α axis corresponds to the magnetic axis of the a phase and the d axis is aligned with the direction of the N pole of the rotor. Thed −q frame is an estimated frame used in sensorless vector control using the rotor reference frame. θ r andθ r are the actual and estimated rotor positions, respectively. The rotor speed and position are observed from the estimated back-EMF signals by means of another estimator such as a phase-locked-loop (PLL) type estimator or a Luenberger type state filter. Because the rotor speed and position are observed from the estimated back-EMF signals, the accuracy of the back-EMF estimator has a direct influence on the performance of the sensorless drive, therefore, accurate back-EMF estimation is very important for sensorless control of SPMSMs. The phase-voltage equation of the three-phase SPMSM is expressed as Equation (1): e e e are phase back-EMF:
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where abc λ is flux linkage, N is number of turns, abc φ is flux. The flux linkage has rotor position information of the SPMSM as a function of position.
Since the back-EMF contains the SPMSM rotor position information, the accurate back-EMF estimation is an essential element for the sensorless control of the SPMSM. The back-EMF was estimated in Figure 1 . It can be calculated as (2) by substituting Equation (1) into the equation for back-EMF. Figure 3 shows the back-EMF, speed, and position estimator block diagram. The phase-voltage equation of the three-phase SPMSM is expressed as Equation (1):
where v a , v b , v c are phase stator voltages, R a , R b , R c are stator winding resistance, i a , i b , i c are phase stator current, L a , L b , L c are phase stator inductance, and e a , e b , e c are phase back-EMF:
where λ abc is flux linkage, N is number of turns, φ abc is flux. The flux linkage has rotor position information of the SPMSM as a function of position.
Since the back-EMF contains the SPMSM rotor position information, the accurate back-EMF estimation is an essential element for the sensorless control of the SPMSM. The back-EMF was estimated in Figure 1 . It can be calculated as (2) by substituting Equation (1) into the equation for back-EMF. Figure 3 shows the back-EMF, speed, and position estimator block diagram.
Energies 2017, 10, 1160 Figure 4 represents the error factors in the voltage measurement path. Typically, the measured back-EMF is digitalized through matching circuits including voltage sensor, low pass filter, and A/D converter. As a result, a DC offset error may be generated from the voltage sensor itself because of sensor errors, the thermal variation of the analog electric device and the quantization error of the A/D converter [11] [12] [13] [14] .
Effect of DC Offset Error
The accurate detection of back-EMF in any sensorless method for SPMSMs is necessary. However, if the DC offset is contained in the measured back-EMF, the synchronous d-q axis voltage will be included in the AC component when the voltage of the stationary reference frame is converted to synchronous coordination in the PLL. The rotor position is estimated by controlling the synchronous d-axis voltage constantly. However, if the d-axis voltage is included DC offset, the rotor position estimation is distorted by the error. Figure 4 represents the error factors in the voltage measurement path. Typically, the measured back-EMF is digitalized through matching circuits including voltage sensor, low pass filter, and A/D converter. As a result, a DC offset error may be generated from the voltage sensor itself because of sensor errors, the thermal variation of the analog electric device and the quantization error of the A/D converter [11] [12] [13] [14] . Figure 4 represents the error factors in the voltage measurement path. Typically, the measured back-EMF is digitalized through matching circuits including voltage sensor, low pass filter, and A/D converter. As a result, a DC offset error may be generated from the voltage sensor itself because of sensor errors, the thermal variation of the analog electric device and the quantization error of the A/D converter [11] [12] [13] [14] .
The accurate detection of back-EMF in any sensorless method for SPMSMs is necessary. However, if the DC offset is contained in the measured back-EMF, the synchronous d-q axis voltage will be included in the AC component when the voltage of the stationary reference frame is converted to synchronous coordination in the PLL. The rotor position is estimated by controlling the synchronous d-axis voltage constantly. However, if the d-axis voltage is included DC offset, the rotor position estimation is distorted by the error. The accurate detection of back-EMF in any sensorless method for SPMSMs is necessary. However, if the DC offset is contained in the measured back-EMF, the synchronous d-q axis voltage will be included in the AC component when the voltage of the stationary reference frame is converted to synchronous coordination in the PLL. The rotor position is estimated by controlling the synchronous d-axis voltage constantly. However, if the d-axis voltage is included DC offset, the rotor position estimation is distorted by the error.
In this paper, only two voltage sensors are used to measure the two-phase line-to-line back-EMF. Therefore, in order to obtain information on the three phases back-EMF, the two line to line back-EMFs are calculated by converting the three phases back-EMFs.
The line-to-line back-EMF including the DC offset error component generated in the measurement process can be expressed as Equation (4):
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where, e m is the back-EMF peak value, ω r t is a rotor position, and ∆ o f f is DC offset error component. When the two-phase back-EMF including the DC offset error component is converted into the three-phase back-EMF, it can be expressed as Equation (5): 
Considering the aforementioned DC offset error component, the α-axis and β-axis voltages of the stationary reference frame in the PLL can be given by Equation (6) (e b − e c ) =
In order to obtain the estimated rotor position and frequency, the stationary dq-axis voltages are transformed by using the αβ to dq transformation matrix. The transformation matrix is given by Equation (7):
whereθ r is the estimated rotor position. Therefore, using the Equations (6) and (7), the synchronous dq-axis voltage, e e ds , e e qs can be expressed by Equation (8) 
For getting the estimated rotor position and frequency, the synchronous d-axis voltage has to be converged to zero. However, it may not be possible to converge the synchronous d-axis voltage to zero due to the DC offset error ∆ o f f .
From Equation (8), the synchronous dq-axis voltages including the DC offset error component can be calculated by Equation (9): 
whereθ r = ω r t is the real rotor position. If the difference between the real rotor position and the estimated rotor position (θ r −θ r ) is too small, the synchronous dq-axis voltages can be rewritten using Equation (10): 
where θ r −θ r ≈ 0, ∴ θ err ≈ 0. Therefore, the error value of the converted synchronous dq-axis voltage can confirm that it has a component of the sine and cosine term. Also, the ripple frequency should have the same frequency of the motor rotation frequency.
In this paper, only the d-axis voltage of the dq-axis voltage is considered to reduce the distortion of the estimated rotor position and frequency because the d-axis voltage is related to the phase and period of the voltage, and the q-axis voltage is related to the magnitude of the voltage. In other words, the d-axis voltage is related to the estimation of the rotor position.
The Proposed DC Offset Error Compensation Method
The DC offset of synchronous d-axis voltage causes a distorted rotor position in the PLL system. The frequency component of the synchronous d-axis voltage is same as the motor rotation frequency, therefore, the proposed method compensates the DC offset error by reducing the ripple component of the synchronous d-axis voltage in a PLL.
From Equation (10), the synchronous d-axis voltage including the DC offset error e e ds is composed of the sine and cosine term. Therefore, the DC offset error value is estimated by using the e e ds , The α err is set by Equation (11):
where, α err is sinusoidal wave caused by the DC offset error. The two axes of the α err , β err are required for the synchronous coordinated conversion. Thus, the virtual voltage β err is delayed by 90 • from the α err and it can be determined by using the digital all pass filter (APF). The stationary α err , β err can be calculated by Equation (12):
Equation (12) is converted into the synchronous coordinate system using Equation (6) , and it can be calculated as Equation (13) . The d-axis voltage of Equation (12) 
The values of the d-axis and the q-axis are subtracted to increase the scaling of estimated DC offset error component as shown in Equation (14), because it follows the estimated DC offset error value quickly through the PI controller.
The difference ∆ total o f f between ∆ o f f and − √ 3 3 ∆ o f f can be obtained as follows: Figure 5 shows a block diagram of the PI controller to estimate∆ o f f . Generally, a PI controller is a widely used industrial controller which uses a linear combination of proportional and integral action on the error to form the output of the controller. However, it has drawbacks that compromise its performance in terms of system response speed and stability [19, 20] . Even though it does not have a high dynamic capability, ∆ total o f f has a linear component in the proposed method, so it can be estimated with a simple PI controller. Also, the PI controller makes the steady state error zero. The relevant deduction is provided in Appendix A. action on the error to form the output of the controller. However, it has drawbacks that compromise its performance in terms of system response speed and stability [19, 20] . Even though it does not have a high dynamic capability, Δ total off has a linear component in the proposed method, so it can be estimated with a simple PI controller. Also, the PI controller makes the steady state error zero. The relevant deduction is provided in Appendix A. The algorithm of the proposed DC offset error compensator consists of two parts as shown in Figure 6 . The first part is the dq-axis coordinated transformation system used for estimating the DC offset error. In the second part, the error between the estimated DC offset error component and the estimated value is removed by using the PI controller. In addition, the output of the proposed PI controller is updated to get the constant of the exact DC offset error value in real time. The algorithm of the proposed DC offset error compensator consists of two parts as shown in Figure 6 . The first part is the dq-axis coordinated transformation system used for estimating the DC offset error. In the second part, the error between the estimated DC offset error component and the estimated value is removed by using the PI controller. In addition, the output of the proposed PI controller is updated to get the constant of the exact DC offset error value in real time. 
Simulation
The simulation was performed using PSIM simulator, and the control circuit was constructed using a SPMSM model and C-block. The SPMSM model used 4-pole, 3000 r/min, and 20 W capacity model. Figure 7 shows the simulation waveform with the DC offset error component applied to the line to line voltage in rated speed ( ω r = 3000 r/min). 
The simulation was performed using PSIM simulator, and the control circuit was constructed using a SPMSM model and C-block. The SPMSM model used 4-pole, 3000 r/min, and 20 W capacity model. Figure 7 shows the simulation waveform with the DC offset error component applied to the line to line voltage in rated speed (ω r = 3000 r/min). 
The simulation was performed using PSIM simulator, and the control circuit was constructed using a SPMSM model and C-block. The SPMSM model used 4-pole, 3000 r/min, and 20 W capacity model. Figure 7 shows the simulation waveform with the DC offset error component applied to the line to line voltage in rated speed ( ω r = 3000 r/min). Figure 11 shows the dynamic characteristics of the proposed algorithm according to the variation of the DC offset error component. When a 0.6 V (2% of rated voltage) DC offset error in the line to line back-EMF is applied at 0.1 s, the serious pulsation generated in maintained in the constant synchronous d-axis voltage. The proposed algorithm immediately started the DC offset error compensation in real time at 0.15 s. The DC offset error value is changed to 1.2 V (4% of rated voltage) at 0.2 s. Finally, the DC offset error value is reduced to 0.3 V (1% of rated voltage) at 0.25 s. Since the compensation is performed even if the DC offset error component is applied, the pulsation of the d axis voltage of the synchronous coordinate system is immediately eliminated and a stable value is maintained. It can also be confirmed that the real-time compensation characteristics are excellent, even if the magnitude of the DC offset error component varies. Figure 11 shows the dynamic characteristics of the proposed algorithm according to the variation of the DC offset error component. When a 0.6 V (2% of rated voltage) DC offset error in the line to line back-EMF is applied at 0.1 s, the serious pulsation generated in maintained in the constant synchronous d-axis voltage. The proposed algorithm immediately started the DC offset error compensation in real time at 0.15 s. The DC offset error value is changed to 1.2 V (4% of rated voltage) at 0.2 s. Finally, the DC offset error value is reduced to 0.3 V (1% of rated voltage) at 0.25 s. Since the compensation is performed even if the DC offset error component is applied, the pulsation of the d axis voltage of the synchronous coordinate system is immediately eliminated and a stable value is maintained. It can also be confirmed that the real-time compensation characteristics are excellent, even if the magnitude of the DC offset error component varies. 
Experimental Results
The proposed DC offset error compensation method was verified on a 50 W class sensorless drive and a 20 W SPMSM with dynamo set. This sensorless motor drive is designed based on the 32-bit TMS320F28335 digital signal processor (DSP) control system operating at 10 kHz. Analog signals are converted to digital values by 12-bit A/D converters and all internal data of the DSP can be displayed on an oscilloscope through a 12-bit D/A converter. SPMSM parameters are shown in Table 1 as described above. Figure 12 shows the motor performance experiment using the dynamo set.
Since the range of voltage input is −30-30 V, the voltage value per on least significant bit (LSB) of the A/D converter is 14.6 mV. The range of offset errors on the DSP datasheet is −15-15 LSB, which corresponds to 0.73% of 30 V. However, the effect of the thermal drift of analog devices and the offset errors of op-amp and voltage sensor are considered. Therefore, in this experiment, the offset error was injected 0.6 V, 2% of the rated voltage. Figure 13a ,b shows he waveforms obtained when the motor rotates at 1500 r/min. Figure 13a shows the waveform when the proposed method is not applied. Figure 13b shows the waveform of real-time compensation applying the proposed method (neither artificially injected DC offset error component). As a result of the comparison, it can be inferred that the DC offset error component generated in the sensor and the ADC converter process is about 0.6 V. Also, it can be seen that the d-axis voltage converges to zero exactly due to the proposed method. Figure 13a shows the waveform when the proposed method is not applied. Figure 13b shows the waveform of real-time compensation applying the proposed method (neither artificially injected DC offset error component). As a result of the comparison, it can be inferred that the DC offset error component generated in the sensor and the ADC converter process is about 0.6 V. Also, it can be seen that the daxis voltage converges to zero exactly due to the proposed method. Figures 14 and 15 show the result waveforms when the motor rotates at 2250 r/min and 3000 r/min, respectively. Even if the speed changes, it is verified that the proposed method is equally well compensated. Figures 17-19 are enlargements of each portion in Figure 16 (a-c). Figure 17 shows that the time of compensation is 200 ms. Figure 18 shows that the time of compensation is 320 ms. Figure 19 shows that the time of compensation is 380 ms. Figures 17-19 are enlargements of each portion in Figure 16 (a-c). Figure 17 shows that the time of compensation is 200 ms. Figure 18 shows that the time of compensation is 320 ms. Figure 19 shows that the time of compensation is 380 ms.
Although The DC offset error value is changed, the pulsation of the synchronous d-axis voltage is quickly eliminated because the DC offset error value is immediately estimated. In other words, the proposed method verified that the real-time compensation characteristic is excellent even when there is a change in the DC offset error value.
Finally, the conventional method in [17] [18] [19] was compared with the proposed method. Fundamentally, the purpose of control is different. However, the performance comparison seemed to be equivalent in that it compensates for the error component. In addition, it is difficult to comment whether either the conventional method or proposed method showed better performance under injected error conditions. However, the proposed simple control method showed a better dynamic performance without the use of high mathematical knowledge, and did not cause any steady-state error; this is shown previous plots ( Figure 11 ). Although The DC offset error value is changed, the pulsation of the synchronous d-axis voltage is quickly eliminated because the DC offset error value is immediately estimated. In other words, the proposed method verified that the real-time compensation characteristic is excellent even when there is a change in the DC offset error value.
Finally, the conventional method in [17] [18] [19] was compared with the proposed method. Fundamentally, the purpose of control is different. However, the performance comparison seemed to be equivalent in that it compensates for the error component. In addition, it is difficult to comment whether either the conventional method or proposed method showed better performance under injected error conditions. However, the proposed simple control method showed a better dynamic performance without the use of high mathematical knowledge, and did not cause any steady-state error; this is shown previous plots ( Figure 11 ). 
Conclusions
In this paper we propose a method to estimate the exact rotor position by compensating the DC offset error component generated by the A/D converter, op-amp and voltage sensor when estimating the rotor position of a SPMSM sensorless drive. The effect of the DC offset error component on sensorless control of SPMSM was theoretically analyzed and the DC offset error component was 
In this paper we propose a method to estimate the exact rotor position by compensating the DC offset error component generated by the A/D converter, op-amp and voltage sensor when estimating the rotor position of a SPMSM sensorless drive. The effect of the DC offset error component on sensorless control of SPMSM was theoretically analyzed and the DC offset error component was compensated by using the proposed algorithm. Through the PSIM simulation, the accurate rotor position estimation of the SPMSM after DC offset compensation was confirmed, and the proposed method was verified through a motor performance test using a 50 W class sensorless motor drive and 20 W SPMSM. In addition, the proposed method has the advantage of being configurable without any additional hardware, and the simplicity of the control method which can be tuned in a short time without the use of high mathematical knowledge. Moreover, it was experimentally demonstrated that the proposed method can improve SPMSM operation performance and sensorless control.
This paper is an analysis of the sensorless drive of SPMSM using the back-EMF. Therefore, the results of this paper cannot be applied to the IPMSMs that follow the rotor position by using inductance variation. 
The error constant ( P K ) of steady state response is expressed as Equation (A3): The G c (s) (PI controller) is expressed as Equation (A1). It is a controller with a pole s = 0, zero s = −z c as G c (s) =
where K K P , z c K i K P . The G OL (s) is expressed as Equation (A2): The error constant (K P ) of steady state response is expressed as Equation (A3):
Therefore, the steady state error can be set to zero as shown in Equation (A4):
